Genes of Pseudomonas putida strains that are capable of degrading polychlorinated biphenyls were cloned in the plasmid vector pUC19. The resultant hybrid plasmid, pAW6194, contained cbpABCD genes on a 9.0-kb DNA fragment that was necessary for the catabolism of polychlorinated biphenyls. These genes were further subcloned on an 8.0-kb HindIlI fragment of pAW540. Degradation of 3-chlorobiphenyl, 2,4-dichlorobiphenyl, and 2,4,5-trichlorobiphenyl into a chloro derivative of benzoic acid was found in Escherichia coli harboring chimeric plasmid pAW540. Expression of cbpA (biphenyl dioxygenase, 6.2 U/mg of protein) and cbpC (3-phenylcatechol dioxygenase, 611.00 U/mg of protein) genes was also found in E. coli containing the hybrid plasmid pAW540. These enzyme activities were up to 10-fold higher than those found in P. putida OU83. These results led us to conclude that cbpABCD genes of P. putida OU83 were encoded on cloned DNA and expressed in E. coli. Whether the expression of cbpABCD genes of P. putida OU83 was driven by its own promoters located on the cloned DNA or by the lacZ promoter of pUCl9 was examined by subcloning a 8.0-kb DNA fragment encoding the cbpABCD genes, in both orientations, in the HindIlI site of the promoter probe vector pKK232-8. The resulting recombinant plasmids, pAW560 and pAW561, expressed cbpABCD genes and conferred chloramphenicol resistance only in E. coli harboring pAW560, indicating that the expression of chloramphenicol acetyltransferase is independent of cbpABCD gene expression. Physical mapping, subcloning, and deletion mutant plasmids allowed us to identify DNA regions encoding the cbpBCD genes on the 2.3-kb SalI-HindIll fragment and the cbpA gene on the 2.8-kb Sall fragment of pAW540. The locations of cbpA and cbpBCD genes were found to be 3.0 kb apart on the cloned DNA. The structural organization of the cbpABCD genes was also determined by TnS insertional inactivation of the genes.
Bacterial degradation of polychlorinated biphenyls (PCBs) has been shown to occur by oxidative (1-4, 10-16, 21, 26) and reductive (23) metabolic mechanisms. The oxidative catabolic pathway of PCBs includes four enzymes: biphenyl dioxygenase (BPDase), dihydrodiol dehydrogenase (DHgenase), 3-phenylcatechol dioxygenase (3-PDase), and 2-hydroxy-6-phenylhexa-2,4-dienoate (HOPDA) hydrolase, encoded by the cbpA, B, C, and D genes, respectively (1, 13, 15, 21) .
The cloning of the cbpABCD genes encoding enzymes that degrade PCBs has revealed considerable heterogeneity in their organization (1, 13, 21) . In general, the cbpABCD genes were found to be clustered and organized in an operon (13, 21) . However, the restriction enzyme fragment profiles of the cloned DNAs specifying PCB degradation differed in Pseudomonas spp. and Alcaligenes spp. (12, 13, 15, 21) . In two reports the PCB degradation genes were found to be organized into more than one operon, since cbpCD genes alone formed one operon (16, 17) . Whereas most PCB degradation genes from different bacteria have similar substrate specificities, the cbpC gene has been shown to be of two types; one specifies the enzyme with a broad substrate range (14) , and the second encodes the enzyme with a narrow substrate specificity (15) . In spite of these variations, the PCB degradation genes have been reported to be conserved in Pseudomonas spp. and Alcaligenes eutrophus (28) . However, diversity of catabolic genes in soil microbial population has also been reported (27) . Further studies on * Corresponding author. characterization of the PCB degradation genes should be helpful in understanding the organization and expression of these genes in various organisms.
In this report, we describe the subcloning, identification, localization, and expression of cbp genes of Pseudomonas putida OU83. Furthermore, we provide evidence for the PCB degradation genes being organized in an operon and precise localization of cbpC gene encoding narrow-substrate-specific 3-PDase.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophage. The bacterial strains, plasmids, and bacteriophage used in this study are listed in Table 1 .
Bacterial growth medium and conditions. The organisms were grown in Luria broth containing 10% tryptone (Difco Laboratories, Detroit, Mich.), 0.5% yeast extract (Difco) 0.5% NaCl, and 0.1% glucose supplemented with appropriate antibiotics. For Luria agar plates, 1 (20) . Transformants lacking P-galactosidase activity were selected on appropriate antibiotic plates as described previously (16) . The ability of the transformants to convert 4-CBP or 3-phenylcatechol to the yellow meta cleavage product (HOPDA) by 3-PDase was tested by spraying a 0.1% solution of 3-phenylcatechol on transformant bacterial colonies as described previously (27) .
Enzyme assay. 3-PDase activity was assayed by using high-speed supernatants of extracts prepared by sonication of the cells (sonifier from Branson Ultrasonic Corp., Danbury, Conn.) and measuring the formation of HOPDA or its chloro derivative (yellow meta cleavage product) at 434 nm at 30°C. BPDase activity was measured in whole cells by monitoring oxygen uptake with a YSI 53 monitor equipped with polarographic oxygen probe (11) . Chloramphenicol acetyltransferase (CAT) activity was determined in the cell extract by spectrometry (24) . Total protein was determined by the dye-binding assay (25) as recommended by the supplier of reagents for the protein assay (Pierce Chemical Co., Rockford, Ill.).
Transposon mutagenesis. Plasmid derivatives with transposon insertion mutations were isolated by transduction of Tn5 with X467 as described by Bruijin and Lupski (7). The location of TnS was determined by restriction enzyme analysis with Sall, HindlIl, BamHI, and EcoRI (16) .
HPLC and GC-MS analyses. The degradation products of 4-CBP generated by the resting and growing cells were extracted by passing the samples through a prewashed (5 ml of methanol and 5 ml of deionized water) C18 column and eluting with either 3 ml of acetonitrile or hexane-ethyl acetate (1:1). An appropriate portion (2 to 20 ,ul) of each sample was analyzed by gas chromatography (GC) (16) 15 min at a flow rate of 1 ml/min. The A255 and A280 of metabolites were monitored with LC235 diode array detector (The Perkin Elmer Corp., Norwalk, Conn.). The identification and quantitation of the substrate and metabolite peaks were determined by comparing the HPLC cochromatography results, UV spectra, and peak areas with those of known standards. To determine the PCBs and metabolites by GC and GC-mass spectrometry (MS), the samples were extracted with hexane-ethyl acetate (1:1) and derivatized with trifluoroacetamide (Pierce). The samples were then analyzed on a QP-1000 (Shimadzu) GC-MS system. The GC-MS conditions, temperature program, and gas flow rate were as described previously (15).
Chemicals. 4-CBP was purchased from Lancaster Synthesis Ltd. 
RESULTS
Degradation of PCBs by E. coli harboring pAW6194. Previously cloned DNA (pAW6194) of P. putida OU83 containing 3-PDase activity (15) was examined for the activity of other PCB-degradative enzymes by using 4-CBP, 3-CBP, 2,4-dichlorobiphenyl, and 2,4,5-trichlorobiphenyl in BSM (pH 7.5) as substrates. After the incubation of these compounds with the recombinant E. coli, the medium turned yellow within 15 min because of the formation of a meta cleavage product of PCBs. Analysis of the samples collected from incubation mixture containing only 4-CBP as the substrate (after extraction with ethyl acetate) revealed that 4-CBP was degraded to 4-CBA, suggesting that the cbpABCD genes of P. putida were expressed in E. coli. The kinetic analysis of degradation of 4-CBP in E. coli showed that the rate of degradation of 4-CBP was faster in the first hour of incubation at 30°C (Fig. 1) . The elution profiles of 4-CBP (retention time, 15.23 min), 4-CPC (retention time, 7 .47 min), and 4-CBA (retention time, 4 .85 min) and the UV spectrum overlays of 4-CBP, 4-CPC, and 4-CBA standards are shown in Fig. 2 . The retention times and UV spectra of two metabolites of 4-CBP shown in Fig. 2 were the same as those of 4-CPC and 4-CBA, respectively.
Physical mapping and analysis of transposon TnS mutant plasmids. To determine the location and organization of the cloned cbp genes on plasmid pAW6194, a restriction map of cloned DNA fragment was constructed by using EcoRI, Sall, HindIII, XhoI, and BamHI (Fig. 3) . Alignment of the DNA fragments on the restriction map was carried out by localizing the TnS insertions in mutagenized derivatives of pAW6194.
The TnS mutants were generated by transposition by using lambda::TnS. Strains of E. coli containing pAW6194::TnS were screened for kanamycin resistance and insertional inactivation of 3-PDase activity. Randomly selected kanamycin-resistant transductants (with or without 3-PDase activity) were further analyzed for the accumulation of Table 2 .
The sites of insertion of Tn5 in mutant derivatives of plasmid pAW6194::Tn5 are shown in Fig. 3 . The gel electrophoresis patterns of Tn5 insertions in mutant plasmids digested with Sall are represented in Fig. 4 ; Tn5 has a unique Sall site. The 1.0-and 6.1-kb Sall fragments increased in size, and two new fragments appeared (Fig. 4, lanes 5 and  12) . The 6.1-and 1.0-kb Sall fragments of plasmid pAW6194 are indicated in lanes 2 and 13, respectively. Analysis of restriction enzyme data generated with other enzymes (EcoRI, no site in TnS; BamHI, one site in Tn5; Hindlll, two sites in Tn.5) helped in the precise localization of Tn5 (data not shown).
Subcloning of cbp genes and analysis of deletion mutant plasmids. To locate the individual cbp genes on plasmid pAW6194, a number of deletion derivative plasmids were constructed by subcloning DNA. Sall, Hindlll, and BamHI were used to construct deletion derivatives of the plasmid pAW6194. Plasmid pAW540 was constructed by cloning a 8.0-kb Hindlll fragment of pAW6194 into plasmid pUC19 downstream of lacZ promoter, which expressed 3-PDase activity and formed 4-CBA from 4-CBP. To examine whether the subcloned DNA in plasmid pAW540 expressed cbp genes by using a promoter of pUC19 or of P. putida, the 8.0-kb Hindlll fragment of pAW540 was cloned into a promoter probe vector, pKK232-8 (6). The promoter probe vector contains CAT genes downstream of the multiple cloning sites and lacks its own promoter. The resultant plasmids pAW560 and pAW561, in which the DNA fragment was cloned in opposite orientations, expressed 3-PDase activity in E. coli and degraded 4-CBP into 4-CBA (Fig. 5) . The, chloramphenicol resistance was expressed only in plasmid pAW560 (Table 3 ). The 3-PDase gene was further subcloned on a 2.3-kb Sall fragment into plasmid pBluescript SK+ (Fig. 6) . The B, BamHI; E, EcoRI; S, Sall; H, Hindlll; X, XhoI; *, IacZO, 0, origin of replication. was in the orientation opposite to that of plasmid pAW590. The amount of 3-PDase produced by the cells containing pAW589 was approximately 10-fold greater than that of the cells harboring pAW590 (Table 3) . Similar results were observed in E. coli harboring plasmids pAW584 and pAW588 containing the 2.3-kb Sall fragment cloned in the orientation opposite to that of pUC19. Plasmids pAW581, pAW582, pAW585 and pAW587 with deletions in pAW540 neither produced 3-PDase nor degraded 4-CBP. Plasmid pAW520, constructed by deleting the internal Sall fragment of pAW6194, failed to degrade 4-CBP but allowed conversion of 4-CPC into 4-CBA. Plasmids pAW550 and pAW530, generated by cloning the 900-bp HindIII-BamHI and HindIII-EcoRI fragments of pAW6194 into pUC19, were negative for 3-PDase activity.
Enzymatic analysis. Regulation and expression of PCB catabolism genes was examined by assaying the PCB catabolism enzyme activities and utilization of various substrates. E. coli strains containing pAW6194 and pAW540 were able to metabolize 4-CBP, glucose, and succinate (Table 4) . However, P. putida was unable to oxidize succinate. Strains of E. coli harboring plasmid pAW520 had 3-PDase activity (Table 3 ) but were not able to degrade 4-CBP and 4-CBA.
Strains of E. coli containing pAW540 expressed both biphenyl dioxygenase and 3-PDase. However, high-level expression of biphenyl dioxygenase was found in P. putida OU83. In contrast, the expression of 3-PDase was higher in strains of E. coli containing plasmids pAW540, pAW520, and pAW589 than in the parent strains, P. putida OU83. To determine the strength of the promoter on cloned DNA, CAT activity was assayed in E. coli containing pAW560 and pAW561. Expression of CAT was found in pAW560, and no expression of CAT was observed in pAW561, in which the DNA fragment was cloned in the orientation opposite to that of pAW560 (Table 3) .
DISCUSSION
Genes specifying degradation of PCBs in P. putida OU83 (15, 16) were studied for the purpose of understanding their organization in this bacterium. This goal was achieved by subcloning the cbp genes that specify degradation of PCBs from the previously reported recombinant cosmid pOH88 (15) . The relative positions of cbp genes expressed in E. coli were mapped by restriction enzyme analysis, and the boundaries of DNA encoding the cbpABCD genes were established on 8.0-kb DNA (Fig. 3) . Others (1, 13, 21) reported similar findings of cbpABCD genes cloned from Pseudomonas spp. and expressed in E. coli. However, the size and restriction map of pAW6194 differed from the cloned DNA of Pseudomonas spp. encoding genes with similar functions. These observations suggest the divergence of cbp genes in bacteria during the course of evolution. FIG. 4 . Gel electrophoresis pattern of the plasmid pAW6194 and pAW6194::Tn5. Lanes: 1 and 14, lambda HindIII and 4>174 HaeIII markers; 2 and 13, plasmid pAW6194 DNA digested with Sall; 2, pAW6194; 3, pAW6194-T1; 4, pAW6194-T8; 5, pAW6194-T10; 6, pAW6194-T34; 7, pAW6194-T37; 8, pAW6194-T7; 9, pAW6194-T17; 10, pAW6194-T17; 11, pAW6194-T5; 12, pAW6194-T33. The arrows in lanes 2 and 13 indicate 6.1-and 1.0-kb Sall fragments of pAW6194, and the arrows in lanes 12 and 5 indicate the increases in size of the 6.1-and 1.0-kb Sall fragments and the two new fragments. TnS has a unique Sall site.
Often catabolic genes are clustered and organized in an operon (12, 13, 18, 22) . Transposons have been used for the genetic analysis of catabolic plasmids TOL (10, 30) , SAL (29) , and NAH (8) . In this study, two types of transposon insertion mutant pAW6194::TnS plasmids were found; one that converted 3-phenylcatechol into a yellow compound (HOPDA), indicating 3-PDase activity, and another that showed no accumulation of yellow compound, suggesting the lack of production of active 3-PDase. This seems to be due to the disruption of the open reading frame of the cbp genes by insertion of transposon TnS. Further studies with 3-PDase-negative, TnS-containing mutants showed either no degradation of 4-CBP or accumulation of 4-chloro-3-phenylphenol and 4-CPC from the degradation of 4-CBP. Based on the formation of metabolites (Table 2) , three groups of transposon insertion mutant plasmids were identified; one did not degrade biphenyl, the second produced 3-phenylphenol, and the third accumulated 3-phenylcatechol from biphenyl. Inactivation of cbp genes in the former group indicates insertional mutations in the regulatory region or in the cbpA gene upstream of cbpC, suggesting a polar effect of TnS. Mutations in second and third groups of the mutant plasmids are likely to be in the cbpB and cbpC genes. Mapping of sites of insertions of Tn5 on plasmid pAW6194 showed the locations of the cbp genes (Fig. 3) . Based on the relationship of the positions of insertions of TnS on the restriction map, production of catabolic enzymes, and formation of metabolites, we propose that the cbpA gene is located on 2.8-kb Sall fragment, which is 3.0 kb apart from the cbpDCB genes cluster contained on the 2.3-kb Sall-HindIII fragment of pAW6194.
The results from this study further suggest that the order of cbp genes (cbpA, cbpD, cbpC, and cbpB) in pAW6194 differed from that of the previously cloned cbp genes from Pseudomonas spp. (1, 13, 21 ). The organization of cbp genes in pAW6194 appeared to be similar to that in plasmid pGEM456 constructed by Mondello (21) from a Pseudomonas sp., in which cbpA and cbpBC genes were also found 3.0 kb apart. The gene order of pAW6194 also differed from that of pKF715 created from a Pseudomonas sp. (13) , in which the cbpABC genes were clustered and the cbpD gene was separated from the gene cluster on the cloned DNA. An operon from P. putida containing cbpCD genes specifying the broad-substrate-specific 3-PDase and HOPDA hydrolase have been described (14, 16) . However, the cbpB gene function was not reported in this operon. It is likely that cbpB gene was also part of cloned DNA encoding the Pseudomonas cbpCD operon. The deletion of the 120-bp Sall fragment in plasmids pAWS82 and pAW587 caused loss of the BPDase (gene product of cbpA) activity, indicating an essential role of these DNA sequences in the expression of initial genes of PCB catabolic pathway. The DNA regions encoding cbpC and cbpD genes were localized on the 2.3-kb SalI-HindlIl fragments of plasmids pAW520 and pAW584. However, biochemical and genetic analyses of transposon Tn5 mutant (pAW6194-T1) strongly suggest that cbpB gene is also contained in the 2.3-kb DNA fragment (Fig. 3) . The amount of 3-PDase (with narrow substrate specificity) produced in E. coli containing recombinant plasmid pAW540 was higher than that of the parent, P. putida OU83. Previously, we have shown that the cloned cbpC gene on plasmid pAW313 encoding broad substrate specificity was expressed at high levels in E. coli (16) . This may be attributed to the high copy number of hybrid plasmids, deletion of nonessential regions of DNA, or preferential use of promoter sequences by E. coli enzymes. Poor expression of cbpCD genes of Pseudomonas spp. have also been reported (17) . Evidence of the expression of cbp genes in E. coli either driven by the promoters contained in the cloned DNA or through the lacZ promoter of plasmid vector pUC19 was obtained by cloning the 8.0-kb HindIII fragment of plasmid pAW540 in the HindIII site of the promoter probe vector pKK232-8. The resulting recombinant plasmids, pAW560 and pAW561, expressed cbpABCD genes in either orientation, indicating that cloned DNA has promoterlike sequences that are recognized by E. coli RNA polymerase. Whether the same promoter sequence functions in P. putida is not known. Since CAT genes can only be expressed in one orientation of the cloned DNA in pAW560, promoters used for the expression of cbpABCD genes may be independent of the promoters used for CAT gene expression. The amount of the production of 3-PDase in recombinant clones containing 
